. Human organic anion transporter MRP4 (ABCC4) is an efflux pump for the purine end metabolite urate with multiple allosteric substrate binding sites. Am J Physiol Renal Physiol 288: F327-F333, 2005. First published September 28, 2004; doi:10.1152/ajprenal.00133.2004.-The end product of human purine metabolism is urate, which is produced primarily in the liver and excreted by the kidney through a well-defined basolateral blood-to-cell uptake step. However, the apical cell-tourine efflux mechanism is as yet unidentified. Here, we show that the renal apical organic anion efflux transporter human multidrug resistance protein 4 (MRP4), but not apical MRP2, mediates ATP-dependent urate transport via a positive cooperative mechanism (Km of 1.5 Ϯ 0.3 mM, Vmax of 47 Ϯ 7 pmol ⅐ mg Ϫ1 ⅐ min Ϫ1 , and Hill coefficient of 1.7 Ϯ 0.2). In HEK293 cells overexpressing MRP4, intracellular urate levels were lower than in control cells. Urate inhibited methotrexate transport (IC50 of 235 Ϯ 8 M) by MRP4, did not affect cAMP transport, whereas cGMP transport was stimulated. Urate shifted cGMP transport by MRP4 from positive cooperativity (Km and Vmax value of 180 Ϯ 20 M and 58 Ϯ 4 pmol ⅐ mg Ϫ1 ⅐ min Ϫ1 , respectively, Hill coefficient of 1.4 Ϯ 0.1) to single binding site kinetics (Km and Vmax value of 2.2 Ϯ 0.9 mM and 280 Ϯ 50 pmol ⅐ mg Ϫ1 ⅐ min Ϫ1 , respectively). Finally, MRP4 could transport urate simultaneously with cAMP or cGMP. We conclude that human MRP4 is a unidirectional efflux pump for urate with multiple allosteric substrate binding sites. We propose MRP4 as a candidate transporter for urinary urate excretion and suggest that MRP4 may also mediate hepatic export of urate into the circulation, because of its basolateral expression in the liver. multidrug resistance protein; kidney; cGMP; positive cooperativity ENDOGENOUS AND DIETARY PURINES are metabolized in the body into urate. In most species, urate is further degraded into allantoin, but not in birds and humans due to the mutational silencing of the uricase gene (24). Therefore, human serum urate levels are ϳ100-fold higher (300 -500 g/ml) compared with other mammals. It has been proposed that the high urate levels in humans represent a major factor in lengthening life span and the protection against oxygen radicals (1, 11). Furthermore, urate appears to function as a danger signal released from injured cells for activation of the immune system (34). On the other hand, inherited or drug-induced elevated serum urate levels are frequently associated with renal disease, gout, hypertension, and cardiovascular disorders (30, 37). The production of urate predominantly occurs in the liver, whereas the kidney is responsible for the removal of urate from the body.
ENDOGENOUS AND DIETARY PURINES are metabolized in the body into urate. In most species, urate is further degraded into allantoin, but not in birds and humans due to the mutational silencing of the uricase gene (24) . Therefore, human serum urate levels are ϳ100-fold higher (300 -500 g/ml) compared with other mammals. It has been proposed that the high urate levels in humans represent a major factor in lengthening life span and the protection against oxygen radicals (1, 11) . Furthermore, urate appears to function as a danger signal released from injured cells for activation of the immune system (34) . On the other hand, inherited or drug-induced elevated serum urate levels are frequently associated with renal disease, gout, hypertension, and cardiovascular disorders (30, 37) . The production of urate predominantly occurs in the liver, whereas the kidney is responsible for the removal of urate from the body.
Under normal conditions, urate is filtered at the kidney glomerulus, where it is almost completely reabsorbed (Ͼ90%) from the urine through the organic anion transporter URAT1 (8) . Patients with inherited hypouricemia reabsorb Ͻ10% of urinary urate and have been shown to exhibit a nonfunctional URAT1 protein due to a mutation in the URAT1 coding sequence (8) . Early studies with URAT1-defective patients have indicated the existence of a urate excretion pathway exceeding the glomerular filtration rate (17) . Since proximal tubules hardly produce urate, a vectorial transport process from blood to urine must be involved. The first step most likely is mediated by the basolateral organic anion uptake transporters OAT1 and OAT3, which have recently been shown to transport urate (4, 13) . A voltage-dependent urate antiporter has been suggested to participate in the urinary efflux, based on studies with human proximal tubule apical membrane vesicles (29). The human apical organic anion transporters NPT1 and hUAT1 have been proposed for this function (21, 38) . However, the transport properties of NPT1 do not fit with the results from membrane vesicle studies, and there is no direct evidence that hUAT1 transports urate. So far, a candidate for the efflux step in human urinary urate excretion has not been identified.
Studies with mouse L1210 cells have identified multiple ATP-dependent export pumps for methotrexate (MTX), sharing urate as a substrate (12) . Furthermore, in human erythrocytes an ATP-dependent urate transporter has been described (22) . The characteristics of these transporters resemble members those of the multidrug resistance protein (MRP) family, of which MRP1, MRP4, and MRP5 are expressed in erythrocytes (18) . MTX is a substrate for MRPs 1-4 (3, 20) , and various endogenous (cAMP and cGMP) and xenobiotic nucleosides are substrates for MRP4 (6, 25, 40, 42, 43) , MRP5 (15, 25, (42) (43) (44) , and MRP8 (10) . Since MRP2 and MRP4 are the only members expressed at the apical membrane of kidney proximal tubules (32, 40) , we investigated the interaction of urate with MRP2 and MRP4.
In this study, we show that human MRP4 mediates ATPdependent urate transport through multiple allosteric binding sites, whereas urate is not a substrate for human MRP2. Creatine phosphate and creatine kinase were from Boehringer Mannheim (Almere, The Netherlands). All other chemicals were from Sigma (Zwijndrecht, The Netherlands).
EXPERIMENTAL PROCEDURES

Materials
Cell lines. Suspension cultures of Spodoptera frugiperda (Sf9) cells (100-ml spinner flasks) were infected with a recombinant baculovirus expressing human MRP2, MRP4 or, as a control, Opsine as described (40) . HEK293 cells overexpressing human MRP4 (HEK293/4.63) (26) and HEK293/4.63 cells stably expressing an MRP4-specific RNA interference (RNAi) construct (HEK293/RNAi-53) (26) were obtained from P. Borst (Dutch Cancer Institute, Amsterdam, The Netherlands). The knock-down of MRP4 in these cells is not complete, but MRP4 levels are strongly decreased and comparable to parental HEK293 cells (26) . Cells were grown in DMEM supplemented with 10% fetal calf serum and 100 U penicillin/streptomycin/ml at 37°C under 5% CO 2-humidified air.
Isolation of membrane vesicles from Sf9 cells. Sf9 cells expressing human MRP2, MRP4, or opsin (control) were resuspended in ice-cold homogenization buffer (0.5 mM sodium phosphate, 0.1 mM EDTA, 100 M PMSF, 5 g/ml aprotinin, 5 g/ml leupeptin, 1 g/ml pepstatin, 1 M E64) and shaken on ice for 1 h. Lysed cells were centrifuged at 100,000 g for 1 h, and the resulting pellet was homogenized in ice-cold TS buffer (10 mM Tris ⅐ HEPES, 250 mM sucrose, pH 7.4) using a tightly fit douncer. The homogenate was centrifuged at 500 g for 10 min, and the resulting supernatant was centrifuged at 100,000 g for 1 h. The resulting pellet was resuspended in TS buffer and passed 30 times through a 27-gauge needle. Aliquots of crude membrane vesicles were frozen in liquid nitrogen and stored at Ϫ80°C until use. The uptake of various substrates into membrane vesicles was studied using a rapid flitration method as described previously (41) . Sidedness of the isolated membrane vesicles was assessed as described previously (41) and revealed an equal distribution of inside-out and right-side-out configuration. (41) . Briefly, membrane vesicles were thawed for 1 min at 37°C and added to prewarmed TS buffer (250 mM sucrose, 10 mM Tris ⅐ HEPES, pH 7.4) supplemented with an ATP-regeneration mix (4 mM ATP, 10 mM MgCl 2, 10 mM creatine phosphate, 100 mg/ml creatine kinase) in a final volume of 60 l. For the urate preincubation study, membrane vesicles in reaction mixture (TS buffer and ATP-regenerating mix) were incubated with 1 mM urate for 15 min and subsequently diluted 10-fold with a reaction mixture containing [ 3 H]cGMP, followed by an incubation period of 5 min. The reaction mixture was incubated at 37°C, and samples were taken from the mixture at indicated times, diluted in 1 ml ice-cold TS buffer, and filtered through nitrocellulose filters (0.45-mm pore size, Schleicher & Schuell, Dassel, Germany) using a filtration device (Millipore, Bedford, MA). Filters were washed with 5 ml ice-cold TS buffer and dissolved in liquid scintillation fluid to determine the bound radioactivity. In control experiments, ATP was replaced by the nonhydrolyzable analog 5Ј-AMP. Net ATP-dependent transport was calculated by subtracting values measured in the presence of 5Ј-AMP from those measured in the presence of ATP. Measurements were corrected for the amount of ligand bound to the filters (usually Ͻ2% of total radioactivity). Each experiment was performed in triplicate using membrane vesicles from a typically baculovirus-infected Sf9 culture. Studies were then repeated using different membrane vesicle isolations from different baculovirus-infected Sf9 cultures.
Transport studies with HEK293 cells overexpressing MRP4. HEK293/4.63 and HEK293/RNAi-53 cells were cultured in 24-well plates coated with 0.01% poly-D-lysine. The cells were washed twice with prewarmed HBSS and incubated with 300 l HBSS containing Kinetic analysis. Curve fitting was done by nonlinear regression analysis with the computer program GraphPad Prism version 3.02 (GraphPad Software, San Diego, CA). Values are presented as means Ϯ SE. To determine allostery, data from concentration-dependent transport assays were analyzed according to the Hill equation
where v ϭ rate, V max ϭ maximum velocity, [S] ϭ initial substrate concentration, Km is the substrate concentration at half-maximum velocity, and n ϭ Hill coefficient. The data were then compared with a fit to a one-binding site version of Eq. 1 (n ϭ 1), the MichaelisMenten equation.
To decide which of the two models best fit the data, the extra sum-of-squares F-test was used. For visual inspection, Hill plots were generated according to the following equation, the slope of which represents the Hill coefficient
RESULTS
MRP2 and MRP4 are both localized to the apical membrane of renal proximal tubules and are candidate transporters for urate. To assess the interaction with urate, transport was investigated in membrane vesicles from Sf9 cells expressing human MRP2, MRP4, or opsin (control). In the presence of ATP, transport of 50 M [
14 C]urate in Sf9-MRP4 membrane vesicles increased with time, although there was a small uptake of [ 14 C]urate in the presence of 5Ј-AMP (Fig. 1A) . ATPdependent [
14 C]urate transport in Sf9-MRP4 membrane vesicles was time dependent and about twofold higher compared with control membrane vesicles, which exhibited a profound endogenous transport (Fig. 1B) . We observed a similar difference between control and Sf9-MRP4 membrane vesicles for ATP-dependent transport of [ 14 C]urate at 0.2 ( Fig. 1C ) and 1 mM (Fig. 1D) . ATP-dependent [
14 C]urate transport in Sf9-MRP2 membrane vesicles was not significantly different from control either at a low (not shown) or high (0.2 and 1 mM) urate concentration (Fig. 1, C and D) .
ATP-dependent [ 14 C]urate transport in control-and MRP4-expressing membrane vesicles increased with increasing urate concentrations ( Fig. 2A) . Due to the limited solubility of urate in TS-buffer, we were unable to use concentrations Ͼ2.5 mM. Although saturation did not occur under this condition, over- (Fig. 2B) . The curve for an allosteric interaction was significantly better compared with a simple single-binding site model (Table 1) . Positive allostery was also visualized by the slope of the Hill plot, which was significantly Ͼ1 (Fig. 2C) (Fig. 3B) .
Since reabsorption of urate in the renal proximal tubule may lead to high intracellular urate concentrations, we investigated the effect of urate on transport of the endogenous nucleosides and MRP4 substrates cAMP and cGMP as well as the MRP4 substrate MTX. Urate inhibited ATP-dependent [ 3 H]MTX transport by MRP4 in a concentration-dependent fashion with an apparent IC 50 of 235 Ϯ 8 M, whereas urate had no effect on ATP-dependent [ 3 H]cAMP transport (Fig. 4A) . In contrast, ATP-dependent [ 3 H]cGMP transport by MRP4 was stimulated 1.5-fold at the highest concentrations tested (Fig. 4A) . Since intracellular levels of these nucleosides can rise up to millimolar concentrations (7, 9, 23, 36) , we further investigated the interaction between urate and cAMP or cGMP under saturated conditions (Fig. 4B) To further explore the effect of urate on ATP-dependent cGMP transport by MRP4, we analyzed concentration-dependent [ 3 H]cGMP transport in the absence and presence of 1 mM urate (Fig. 5) . In the absence of urate, MRP4 showed a positive cooperative allosteric interaction with cGMP. The curve for an allosteric interaction was significantly better compared with a single-binding site model (Table 1 ). In the presence of 1 mM urate, MRP4 showed a single-binding site interaction with cGMP with a 12-fold decreased affinity but a 5-fold increased V max (Fig. 5 and Table 1 ). Furthermore, the Hill plot shifted from sigmoidal (significantly better fit compared with linear regression, F-test P Ͻ 0.05) to linear (Fig. 5) .
DISCUSSION
Urate transport in the kidney proximal tubule is a bidirectional process. Although the urate reabsorption pathway has been elucidated recently, there is little knowledge about the excretory route. The basolateral organic anion transporters OAT1 and OAT3 presumably mediate uptake from blood into the cell, but for apical export from the cell into urine no candidate transporter has been identified. In this study, we show that the apical organic anion transporter MRP4 mediates ATP-dependent urate transport in isolated membrane vesicles and exports urate from transfected cells. Furthermore, the complex interaction pattern of urate with the MRP4 substrates MTX, cAMP, and cGMP indicates that MRP4 is an organic anion transporter with multiple allosteric binding sites.
Isolated apical and basolateral membrane vesicles from kidney proximal tubule have been used widely to study organic anion transport mechanisms, mainly using PAH or urate as a substrate (31) . In contrast to basolateral membrane vesicles, results from studies with apical membrane vesicles so far have been difficult to match with cloned urate transporters, not in the least due to differences between species. Human, rat, monkey, and most breeds of dogs favor urate reabsorption, mediated by URAT1 (28) . In contrast, rabbit, pig, snake, and Dalmatians are urate-excreting species, probably due to the lack of URAT1 (28) . Nevertheless, all species exhibit an apical voltage-dependent urate efflux transporter, which might be represented by the recently cloned pig OAT v 1 (16) . However, a human OAT v 1 ortholog does not seem to exist, and human NPT1 does not qualify based on its transport properties. OAT4 may be a candidate, but it is unknown whether urate is a substrate (5) . Completely opposite to the expectations of previous membrane vesicle studies, two ATP-dependent organic anion transporters, MRP2 and MRP4, were reported to be expressed at the apical membrane of renal proximal tubules (32, 40) . In this study, we show that MRP4, but not MRP2, is a low-affinity, ATPdependent export pump for urate. Our finding is in agreement with previous reports on the presence of an ATP-dependent urate transporter in erythrocytes as well as in the L1210 cell line. We propose that MRP4, as an apical export pathway in the kidney, requires a low affinity for urate due to the high intracellular urate concentrations.
Our study with HEK293 cells indicated a substantial efflux of urate, which was enhanced by overexpression of MRP4. At this point, we do not know the nature of the endogenous transporter(s), but MRP5 or MRP8 may be possible candidates. Endogenous expression of MRP5 in HEK293 cells has been documented, and the release of urate from HEK293/RNAi-53 cells was inhibited by PMEA (Van Aubel RAMH, unpublished observations), which is a substrate for MRP5 and MRP8 (10, 44) . Evidence of an endogenous ATP-dependent urate transporter was also found in Sf9 cells. Although there are very limited data available on genomic sequences of Sf9 cells, an MRP-like transporter might be involved since we previously identified a profound ATP-dependent PAH transporter in these cells (39) .
MRPs exhibit a broad substrate specificity, and multiple binding sites may play a role. In this study, we found that MRP4 mediates low-affinity, ATP-dependent transport of urate through a positive, cooperative allosteric interaction. Furthermore, urate inhibited MTX transport, stimulated cGMP transport, but had no effect on cAMP transport by MRP4. In addition to urate, cGMP transport by MRP4 is of low affinity and is also characterized by positive cooperativity. In line with our results, ATP-dependent cGMP transport in erythrocyte membrane vesicles, which probably is primarily mediated by MRP4, also displays an allosteric interaction (18) . Furthermore, the reported affinity for ATP-dependent cGMP transport (K m 170 Ϯ 50 M) is in the same range as reported in this study for recombinant MRP4 (K m 180 Ϯ 20 M). Chen et al. (6) might have overestimated the affinity for cGMP (K m 10 Ϯ 2 M) by limiting their concentration range to 25 M, whereas we used cGMP concentrations up to 1-3 mM.
Urate stimulated MRP4-mediated cGMP transport by increasing the V max . From the Hill coefficients, we conclude that urate changes cGMP transport from an allosteric binding to a single binding site, suggesting that a cGMP binding site is displaced by urate. In a similar fashion, indomethacin and sulfanitran change estradiol-17-␤-D-glucuronide transport by MRP2 from an allosteric to a single binding component (2, 46) . In contrast to urate, the Hill plot for cGMP transport was sigmoidal, indicating that multiple cGMP binding sites are not occupied simultaneously, as described for oxygen binding to hemoglobin (19, 45) .
The presence of multiple substrate binding sites for MRP4 also became apparent from our studies with two labeled substrates. Whereas cAMP and cGMP interact with each other's transport (40) , both compounds can be transported by MRP4 simultaneously with urate, even under saturated conditions. Furthermore, the effect of urate on cGMP transport likely is a trans-stimulatory mechanism, since preincubation of membrane vesicles with urate showed a similar stimulation of cGMP transport compared with cis-incubation. This suggests that under conditions of high intracellular cAMP or cGMP, MRP4-mediated urate efflux is unaffected and that extracellular urate may influence the transport properties of MRP4. However, it remains to be investigated whether stimulation of cellular cAMP or cGMP production also influences MRP4 function itself, e.g., by phosphorylation.
The interactions found for MRP4 are complex, and more than two distinct binding sites are required to explain our observations. The presence of multiple binding sites is consistent with findings with other multidrug resistance transporters, like MRP2 (2, 14, 46) and MDR1/P-glycoprotein (33) . Analogous to MDR1 we propose a working model of two independent transport sites, one for cGMP and one for urate, and an allosteric site shared by cGMP and urate, which interacts in a positively cooperative manner with both transport sites. Through this allosteric site, cGMP and urate are able to stimulate their own transport sites. Apparently, urate displaces cGMP from the allosteric site, explaining why cGMP transport can be described by a single binding site in the presence of urate (Fig. 5) and why cGMP had no influence on urate transport (Fig. 4B) . However, the increase in V max and decrease in affinity for cGMP by urate are rather unusual, as well as the sigmoidal Hill plot for cGMP transport alone, indicating a much more complex interaction than can be described by our working model. cAMP probably shares the cGMP transport site, but not the urate site, which is consistent with the finding that urate had no influence on cAMP transport, whereas cAMP is known to inhibit cGMP transport (40) . Apparently, the inhibition of urate on MTX transport indicates that MTX is a substrate for the urate site of MRP4. It is clear that our working model is still incomplete, and further studies are needed to gain more insight into the nature of the different binding sites and the kinetics of their mutual interaction.
In summary, we show that human MRP4 mediates lowaffinity ATP-dependent urate transport, whereas urate is not a substrate for human MRP2. Urate is able to activate its own transport, and a complex interaction pattern was observed with the MRP4 substrates cGMP, cAMP, and MTX, indicative of multiple allosteric binding sites. We propose MRP4 as a candidate transporter for urinary urate excretion and, given its basolateral expression in the liver (27) , MRP4 may provide the blood circulation with urate through hepatic export.
